. The amyloid deposits in eukaryotic cells are probably closely related to inclusion bodies formed in bacteria (5) .
Textbook descriptions of protein refolding in vitro often focus exclusively on the soluble species and ignore the off-pathway reactions. This in part reflects difficulties in characterizing solid states of polypeptide chains and the irreversible aspect of many of these aggregation reactions. Because the large insoluble aggregates are not in equilibrium with the soluble folding intermediates, they cannot be included in expressions derived from equilibrium thermodynamics.
The prevalence and limited reversibility of aggregation reactions appear to be among the reasons that all cells have chaperonin systems to prevent these offpathways sinks (6, 7).
During in vitro refolding of purified proteins from the fully denatured state, aggregation reactions can be limited in some cases by refolding at low protein concentrations (8, 9). However, protein concentrations within cells are typically orders of magnitude more concentrated than conditions used for refolding in vitro. For an average Escherichia coli cell, protein comprises 1.56 x 1013 g in a total wet weight of 9.5 x 10-13 g (10). Using a conservative estimate of cell density equivalent to that of water (1 glcm3 low 2 mM; only in the kidney proximal tubules do the levels reach up to 0.4 M, where the pH level drops to as low as 4.5 (13, 14) . The folding of polypeptide  chains  into the native state proceeds  as the nascent  chains  bound to the ribosome are completed  and released.  Intracellular folding pathways are directed  by the amino acid  sequence  interacting  with the cellular environment  (15);  this involves the sequence  specifying  critical aspects of  the conformation of the intermediates along the productive pathway (16) (17) (18) .
Through the isolation of temperature-sensitive folding mutants, it has been possible to identify amino acid sites and sequences specifically involved in directing the pathway, as opposed to stabilizing the folded state (17-21).
As illustrated in Fig. 1 digitates with the other two subunits. As a result, the central 13sheet is composed of polypeptides from all three subunits (Fig. 3) The mature tailspike is a rod-shaped trimer with the amino and carboxyl termini at opposite ends of the molecule. The individual subunits resemble a fish, where residues 197-259 comprise the dorsal fin, residues 401-426 the ventral fin, and residues 542-666 the tail (27) . The individual polypeptide chain subunits are folded into three 13 sheet domains or motifs. The largest domain, from residues 143-540, is a member of the newly discovered parallel 13helix/coil motif (28) and the first trimeric one identified.
Two 13strands make up each of the 13 rungs of the parallel 13coil such that alternating strands face either the solvent or the intersubunit cavity. The strands facing the cavity can be subdivided into two shorter strands, demarcated by a shallow turn near the central axis, yielding a cross-section through the structure that appears kidneyshaped (25). Within the 13coil domain of each subunit, the fold is processive, with each strand contiguous in sequence with the previous strand. Though the folding motif repeats, the amino acid sequence does not reveal a corresponding repeat (29) .
The polypeptide chain departs from the 13coil motif after residue 543 and makes a large loop that then inter-
The native taiispike is resistant to protease and denaturation by both detergents and heat, but the folding intermediates are not. The folding and chain association can be followed in vivo by exposing infected cells to short pulses of radioactive amino acids and then electrophoresing through an sodium dodecyl sulfate (SDS)3 gel without heating the sample (Fig. 4) . Folding intermediates are denatured by SDS and form SDS/polypeptide chain complexes that migrate with the mobility expected of a monomer of 72 kDa. The native trimer does not bind significant amounts of SDS and therefore migrates much more slowly in an SDS gel than the monomer (30) . This permits measurement of the overall folding and chain association rate in crude extracts of phage-infected cells. The half-time of the in vivo reaction is 5 mm at 30#{176}C (31) . By avoiding SDS or other denaturants and electrophoresing samples through native gels in the cold, two folding intermediates can be trapped and separated from Although the native trimer is very thermostable, the folding pathway is thermolabile; yields of correctly folded trimer fall sharply with increasing temperature within the physiological range (Fig. 6 ). This is not due to a defect in protein synthesis but reflects properties of the intermediates in the folding pathway. The molecules that fail to reach the native state are not degraded but end up in inclusion bodies. The chains in the inclusion body sediment to the pellet. Unlike the native tailspike, they are solubilized by SDS without heating, as shown in Fig. 6 . In fact, yields of native protein vs. temperature of folding resemble melting curves (Fig. 7) and can be interpreted as representing the thermal melting of a region in an intermediate.
The decrease in yield with increasing temperature is also evident in vitro (32 In (Fig. 6) . The single-chain and protrimer intermediates are also SDS-sensitive, but they remain in the supernatant (16) . Thus, the kinetics of inclusion body formation can be measured directly in cells synthesizing tailspike polypeptide chains (35) . Within the physiological range of temperatures 37-42#{176}C, aggregation has an overall rate similar to that of the productive pathway (Fig, 8) .
An interesting feature of the tailspike intermediates is the unusual reactivity of one or more of the eight cysteines. The native tailspike has no disulfide bonds, and the eight cysteines are buried and unreactive in the native state (25, 36 sheet or turn conformation, but they are critical for ensuring that the chains fold into that conformation and do not get trapped in the off-pathway aggregated state. The most straightforward interpretation of these results is that the mutants identify sequences that direct or stabilize newly formed 13 turns.
GLOBAL SUPPRESSOR MUTATIONS
Starting with tsf mutations that block the folding pathway, second-site suppressors can be isolated (44, 45 ). An unexpected result was the repeated isolation of two mutations at a site in the center of the polypeptide chain: Val331Ala and Ala334Val (46) . These two substitutions efficiently corrected the folding defects of more than a dozen diverse starting mutations.
The suppressor mutations alone had no effect on the stability of the native trimer nor on the stability of proteins that carried both a 1sf substitution and its suppressors. (18) . Careful analysis of the intracellular kinetics of chain folding revealed that chains carrying the suppressors gave higher yields than wild-type chains. The suppressors behaved as if they were efficient folders. However, the rate of the productive pathway was not significantly increased; rather, the aggregation pathway was suppressed (Fig. 8, 18 ). The inclusion body state is an irreversible kinetic trap for newly synthesized polypeptide chains. The global suppressors apparently act by preventing the chain from being trapped as an inclusion body. The effect of the suppressor mutations, therefore, is to increase the chance of the polypeptide chains proceeding down the productive pathway. Two models could account for this phenomenon.
1)
The global suppressors may identify the site on the intermediate involved in initiation of inclusion body formation or 2) the suppressors could pinpoint a site that recruits or mobilizes a cellular chaperonin in rescuing the intermediate.
The first model predicts that in the absence of chaperonins, the yield of tailspike in suppressor mutants would be higher than in wild type or 1sf tailspike.
To test this model, the suppressor proteins were purified, denatured, and then renatured in vitro. Under these conditions, in the absence of any cellular components the presence of the suppressor significantly increased the yield of the tsf mutant chains and reduced their aggregation (38 Higher ordered multimers were presumably formed as the aggregation reaction proceeded, but either were not resolved at the top of the gel or did not enter the gel. In this reaction, the aggregated trimer is a distinct species from the native trimer, but whether it resembles the protrimer is unknown.
The sequential distribution of multimeric species is consistent with a monomer addition pathway of polymerization. However, as can be seen in Fig. 9, at a (A) and inclusion body (#{149}) (18) .
THERMOLABILE FOLDING INTERMEDIATES AS CHAPERONIN SUBSTRATES
The Hsp6O class of heat shock chaperonins are ubiquitous and highly conserved throughout the plant and animal kingdoms (48) . The physiological substrates for these chaperones are known in a few cases, e.g., the chloroplast Rubisco protein (48) (49) (50) .
GroEL, the E. cvii hsp6O analog, was initially identified in screens for loss of propaga-TIME OF AGGREGATION (mm) Native 
